Vibratory pile driver-extractor is broadly applied in civil constructions, but the friction vibration theory and dynamic characteristics of friction vibration are not studied well. In this paper, the vibration friction characteristics and dynamics of pile driving process are studied based on nonlinear dynamics and friction theory. A dynamic model of system is established firstly, and then nonlinear dynamic principle and working process are studied in details. The simulation results can provide useful guidance for both vibration friction research in engineering and design in the development of such machines.
Introduction
With the development of the real estate, the static and hydraulic pressure piles are widely applied in civil construction. Mostly, raising the tonnage machine and reducing pile-soil friction resistance can enhance the working efficiency of a pile driver-extractor. Many researchers studied the principle of the pile-soil system and established many models, including Maxwell model, Voigt model, Winkler model and other improved models, and made great theoretical and practical contributions to the pile-soil systems [1] [2] [3] [4] [5] . In 1984, the plug flow conveying in an elbow tube and a 5m tube with vibration were studied by Kano [6] , where the power consumption in tubes decreases 16.7% due to vibration. The similar experiment performed by Yang Lun also proved the validity of vibration for resistance reducing. The reduction of resistance in a tube with liquid-solid phases was also studied in experiment and revealed that the vibration is efficient during the transporting of high concentrated materials [4] .
In order to improve the function and performance of pile driving machines, in this paper, the system is optimized from structures to working parameters. The vibration is achieved by the hydraulic system and applied in the driving pile. With vibration, frictions between pile and soil are obviously reduced comparing with traditional sliding friction. By the principle of vibration friction, the weight and capacity of the machine are all improved to prompt its working efficiency. In this paper, the working principle of the vibratory pile driver-extractor is analyzed firstly. The dynamic equations are established and analyzed by nonlinear dynamic theory. An experiment with vibration driving and extracting demonstrates that the vibration friction and the resistance of the pile are distinctly reduced.
Dynamic Model of the Pile-soil System
To analyze the pile-soil system, the length entering soil is assumed as L, as shown in Figure 1 L . The driving force of pile is Q(t) and the friction force is assumed as f (t). During the working process of pile vibration, the friction force f(t) of pile-soil system is variable. Due to the difficulty of direct measurement of friction force, the influence of vibration on friction is set with sinking speed and depth obtained in two experiments before [3] . The two experiments are: Experiment 1: the pile driving is achieved by static pressures. In this case, the value of Q(t) is invariable. The sinking speed and finally depth are measured. Experiment 2: Under the same operating condition and the same driven force, but vibratory hydraulic force is added to Q(t) . In this case, the pile is driven into soil with vibration. The sinking speed and finally depth are measured.
For the two experiments, the sinking speed of experiment 1 in the beginning is greater than that of experiment 2, but at last the speed of experiment 1 tends to zero and the speed of the experiment 2 keeps on slowly. The two experiment results show that vibration can reduce the mutual friction force in pile-soil system. Based on the mechanical model of vibration system and hysteresis model of soil, the dynamic equation of vibration system can be expressed as follows:
(
where, 1 m is the mass of clamp device and pile, 2 m is the foundation mass of driver-extractor, 1 x , 2 x are displacements of clamp device and the foundation respectively, 2 k is the stiffness of isolation spring, F(t) is an exciting force with hydraulic pressure, ) x , (x f
is friction resistance of driving pile [3] .
The exciting force with hydraulic pressure is composed of many harmonic forces. The expression can be written as follows:
where,
are the amplitude of the first-order, second-order and third-order harmonic exciting force respectively, ω is exciting frequency,
are initial phases of the first-order,
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second-order and third-order harmonic exciting forces, respectively. Equation (1) is nonlinear and can be solved by analytic method of nonlinear vibratory theory. In order to approach the practical operating condition, equivalent linear exciting force and additive nonlinear exciting force are substituted into nonlinear function, and it is expressed as
Where, e k is the equivalent stiffness, e c is the equivalent resistance coefficient, ε is a small parameter, ) x , f(x 1 
(5)
Dynamical Solutions of Vibratory Driving System
The (7)
If the damping is present, the free vibration will decay to zero, namely 0 x 10 → . In fact the solution of the forced vibration is very significance to engineers, that is α) sin(θ λ x 
Where, a is the first-order approximate amplitude value, b is the coordinate of C point, k 0 is the slope of slope oblique line in hysteresis curve. The parallelogram hysteresis model of soil is shown in Figure 3 . (10)
So that A and ϑ can be obtained. 
( )
Therefore, the nonlinear resonant solution and response of the system can be obtained. The amplitude frequency curve is provided with the flexible nonlinear characteristics. And it is found that friction characteristics of pile-soil system with vibration are slowly varied with pile depth changed, and nonlinear.
Summary
In this paper, the model of pile-soil system and dynamic model of vibratory pile driver-extractor machine system were established firstly. Nonlinear dynamic principle and working process with vibration friction were studied in details.
The function and performance of static pile driver were improved. The new function of driving pile with vibration was obtained. In the presence of the force driving piles was decreased and work capability and efficiency of the machine were enhanced markedly. It is validated that vibration will reduce friction resistance of pile-soil system.
Based on the established models, nonlinear dynamics equation was established and solved. The response and friction characteristics of pile-soil system were analyzed with the nonlinear analytic method. The approximative solution of dynamics equation was obtained.
